Regional cerebral blood flow (rCBF) and Iaser-Doppler perfusion were measured in rats after controlled cortical impact injury (CCII), a model of traumatic brain injury. Male Long-Evans rats were anesthetized with isoflurane and surgically prepared with arterial and venous cannulae. CC11 was induced after a craniectomy by deforming the right parietal cortex to a depth of 2 mm with a metal cylinder traveling at a velocity of 5.2 m/s. Laser-Doppler perfusion was monitored from the surface of the left frontal cortex. rCBF, using '*C-isopropyliodoamphetamine, and laser-Doppler perfusion were measured in three groups of rats consisting of a sham group (n = 6), a group 30 min after CC11 (n = 6), and a group 4 h after CC11 (n = 5). CC11 was characterized by cortical ischemia (rCBF < 20 mL * 100 8-l * min-*) surrounding the site of impact. The occipital cortex, a cortical region distant from the impact site, was also ischemic in some, but not all, injured rats. In the 30-min group, the ischemic zone showed very sharp boundaries with cortical areas of hyperperfusion surrounding the ischemic zone. In the 4-h group, the ischemic boundaries were not as sharp and the hyperperfusion surrounding the ischemic zone was no longer present. The caudate-putamen, hippocampus, and thalamus showed significant reductions in rCBF ranging from 50% to 30% of control 30 min and 4 h postinjury, respectively.
We conclude that complex changes in rCBF occur shortly after CC11 and persist for at least 4 h. During this time several brain regions, especially the cortical areas, may suffer damage due to the ischemia. (Anesth Analg 1995; 80:687-95) C erebral ischemia may have a role in the pathogenesis of traumatic brain injury in humans (l-51, although its full significance is yet to be determined. Over the past 20 yr, histologic studies of human brains have provided circumstantial evidence that cerebral ischemia occurred after traumatic brain injury (6,7); however, studies where cerebral blood flow (CBF) was measured have not always confirmed the histologic findings. [For a review of the subject, see Bouma and Muizelaar (311. The reasons that ischemia may have been difficult to detect with blood flow measurements are probably threefold: First, in most studies, CBF was not measured in the early hours after injury (12-15 h), a time when the frequency of ischemit episodes may be the greatest (3-5). Second, the occurrence of ischemia appears to be dependent on the severity of injury. The ischemic episodes were predominantly found in the more severely injured patients, classified as persistently vegetative or those who died, whereas patients who suffered less severe injury, including those with severe deficits, showed infrequent episodes of ischemia (5). Unless the clinical studies focused on the more severely injured patients, ischemia would not have been as likely found. Third, the methods used to measure CBF often lacked the spatial resolution necessary to detect focal ischemia when present (3). Thus, on at least three accounts, ischemia associated with traumatic brain injury may have eluded researchers.
Animal models have been developed for the study of traumatic brain injury with different models emphasizing different aspects of injury as it relates to the human condition (8). The most commonly used model, fluid percussion, deforms the cortex by rapidly injecting fluid into the closed cranium (8-10). Injury produced by fluid percussion is dependent on the severity and can include hemorrhage, vascular disruption, contusion, diffuse axonal injury, and neurologic and cognitive deficits (8-13). With fluid percussion there are some differences depending on whether the primary injury site is along the midline (central) or lateral to the midline. Central fluid percussion injury is characterized by greater brainstem injury, whereas lateral fluid percussion injury is characterized by Recently, an injury model termed controlled cortical impact injury (CCII), involving direct cortical deformation using a rigid cylinder, was described for ferrets and later for rats (21, 22) . Briefly, the model consists of impacting the exposed dura and underlying cortex after a craniectomy with a cylinder driven by a pneumatic impactor. Direct cortical impact produces a relatively consistent biomechanical deformation of the brain and can induce many pathologic features of human brain injury, including contusion, intraparenchymal hemorrhage, subdural hematoma, subarachnoid hemorrhage, diffuse axonal injury, and neurologic and cognitive deficits (21-23). The model allows the severity of the injury to be controlled by independently manipulating the cylinder velocity and/or the amount of brain deformation. The pathologic and physiologic changes that occur after the cortical impact correlate with the severity of impact (21-25).
We have used the CC11 model to study regional cerebral blood flow (rCBF) in rats. We hypothesized that focal ischemia surrounding the site of impact accompanies CCII. We used an autoradiographic method for measuring rCBF which provides an image of flow and thus high spatial resolution. The high resolution is important in order to determine focal areas of ischemia and to determine the ischemic boundaries if ischemia is present. Although autoradiographic methods have high spatial resolution, temporal resolution is poor. We, therefore, chose to include cortical perfusion measurements using laser-Doppler flowmetry.
The laser-Doppler technique provides good temporal resolution but poor spatial resolution. Our studies support the above hypothesis by demonstrating that focal ischemia is present 30 min after injury and persisted for at least 4 h.
Methods
The protocol for this study was approved by the Animal Protocol Review Committee of Baylor College of Medicine. Experiments were performed on 17 male Long Evans rats weighing between 297 and 426 g. Anesthesia was induced with 3.5% isoflurane. After endotracheal intubation with a 16-gauge tube, each rat was artificially ventilated with 2% isoflurane and 30% oxygen in a balance of nitrogen. Catheters were inserted into the jugular vein, the left femoral vein, the left femoral artery, and the tail artery. The tip of the catheter in the jugular vein was advanced to the right atrium. The catheters in the jugular vein, femoral vein, and femoral artery were used in the CBF measurement (see below). The catheter in the tail artery was used to monitor blood pressure and sample arterial blood for determination of blood gases and pH. Rectal temperature was monitored and maintained at 37°C using a temperature monitor that controlled a heating lamp. Arterial blood was periodically sampled and analyzed for Po2, Pco2, and pH. The ventilator was adjusted to maintain Pace, near 35 mm Hg.
The head of each rat was fixed in a stereotaxic frame and a craniectomy was performed in the right parietal bone in preparation for the CCII. In 10 rats a 3F microsensor transducer (Codman and Shurtleff, Randolph, MA) was inserted into the parietal cortex through a twist hole in the left parietal bone to monitor intracranial pressure (ICI'). Since the ICI' probe altered rCBF in the cortical area where it was inserted, ICI' was not measured in seven rats in order to obtain autoradiographic images of blood flow (see below) without interference from the probe. A second drill hole was made in the left frontal bone for measuring cortical perfusion using laser-Doppler flowmetry. The Periflux PF3 with a PF318 flow probe having a diameter of 0.6 mm (Perimed Inc., Piscataway, NJ) continuously monitored changes in cortical perfusion.
The CC11 was produced by a metal cylinder (6 mm diameter) impacting the exposed dura overlying the right parietal cortex (22,251. A pneumatic impactor propelled the cylinder at a velocity of 5.2 m/s and deformed the brain 2 mm. The time the metal cylinder was in contact with the brain was 125 ms (25).
CBF was measured using "C-isopropyliodoamphetamine (IPIA) and quantitative autoradiography (26). IPIA has advantages as a flow tracer since it is sequestered by a cytoplasmic protein which retards its movement in the tissue (26). Consequently, areas such as border zones surrounding ischemic areas are much sharper allowing the area of an ischemic zone to be better defined. Furthermore, if there are areas of hyperperfusion surrounding the ischemic area (27-32), the likelihood of it being seen is high since diffusion of the tracer to brain areas having a lower concentration of the tracer is diminished.
IPIA (0.05 pCi/g body weight) was injected into the femoral vein. The IPIA (29 &i/mmole) was custom synthesized by Du Pont New England Nuclear (Boston, MA). Blood was withdrawn from the femoral artery at a rate of 0.4 ml/min beginning 5 s before infusing the IPIA and continuing until the rat was killed. Pentobarbital (300 mg pentobarbital in 1 mL physiologic saline) was infused into the right atrium through the catheter inserted into the jugular vein 15 s after the bolus infusion of IPIA (33). After death, the ICI' = intracranial pressure. For ICP n = 3 i n control group, n = 5 i n 30 min postinjury group, and n = 2 i n 4-h postinjury group. There were no significant differences i n any of the measured values using the analysis of variance.
Pco, (mm Hg) PH 35.5 " 1.8 7.310 -c 0.038 36.4 ? 1.6 7.254 + 0.017 35.1 ? 3.9
7.276 -c 0.051 brain was rapidly removed, frozen in isopentane chilled to -40 to -5O"C, and stored at -50°C until it was sectioned. Each brain was cut into 20-pm thick sections using a cryostat (--WC). Representative sections were mounted on glass slides and placed in contact with radiograph film in light-tight cassettes. After a 15-day exposure the film was developed producing autoradiographic images. Concentrations of the tracer (radioactivity/g tissue) were determined by comparing the optical densities of various brain regions to the optical densities produced by calibrated standards packed with the tissue sections in the cassettes. The total radioactivity in the blood withdrawn was calculated according to the following equation:
Total dpm in blood sample = dpm in aliquot X mass of entire blood sample mass of aliquot Blood for individual regions was calculated according to the following equation:
Blood flow = dpm/g X 0.4 X 100 total dpm in the blood withdrawn where blood flow has the units of milliliters per 100 grams per minute and 0.4 is the rate of blood withdrawal in milliliters per minute from the femoral artery. rCBF was graphically displayed and calculated using an image analysis system (MCID Ml; Imaging Research, Inc., St. Catharines, Ontario, Canada). Identification of brain regions for the rCBF measurements was according to the atlas of Palkovits and Brownstein (34) . For the purposes of this study we defined ischemia as blood flow less than 20 mL * 100 8-l . min-I.
Three groups of rats were included in this study: (a) a control group where rCBF was measured 30 min after sham injury, (b) a group where rCBF was measured 30 min after CCII, and (c) a group where rCBF was measured 4 h after CCII.
Data is reported for all groups as mean 2 SEM. Comparison of physiologic data and rCBF between groups was performed using a one-way analysis of variance and Fisher's test for multiple comparisons.
Comparison of rCBF in the left and right hemispheres for a single group was performed using a paired t-test. The level of statistical significance was considered to be P < 0.05.
Results
The physiologic measurements in the control and two postinjury groups are given in Table 1 . Mean arterial blood pressure and arterial blood pH showed tendencies to decrease after injury in both the 30-min and 4-h postinjury groups; however, the decreases were not statistically different from the control. ICI' and arterial blood gases were not different from the control after injury.
Changes in cortical perfusion recorded from the surface of the left frontal cortex, contralateral to the injury, are shown in Figure 1 . Although cortical perfusion fluctuated over time in all three groups, the changes were not significant from the initial perfusion value prior to sham-injury or injury.
rCBF for the three groups are shown in Table 2 . In the control group, there were no significant differences in rCBF contralateral and ipsilateral to the craniectomy indicating that the craniectomy alone did not affect blood flow.
Thirty minutes after injury, brain regions contralatera1 to the injury showed no significant changes in rCBF compared to the control group. However, ipsilateral to the injury, rCBF was significantly reduced in the motor areas of the frontal and parietal cortices, the somatosensory area of the frontal cortex, cingulate gyrus, occipital cortex, caudate-putamen, hippocampus, and lateral geniculate. Many, but not all, of these regions showed significant differences between ipsilateral and contralateral sides.
Four hours after injury, blood flow to brain regions contralateral to the injury were similar to the corresponding regions in the control group. Ipsilateral to the injury, the reduction in rCBF showed patterns of reduced flow similar to the 30-min postinjury group. Additionally, the somatosensory area of the parietal cortex and the anterior nucleus of the thalamus showed statistically significant reductions in rCBF.
Computerized images of rCBF from individual rats, generated from autoradiographs, for the control group and contralateral to the craniectomy and controlled cortical impact injury (CCII) in the injury groups.
Top figure shows the sham group and the group where regional cerebral blood flow (rCBF) was measured 30 mm after injury. The bottom figure shows changes in perfusion in the group where rCBF was measured 4 h after injury. and two postinjury groups are shown in Figure 2 . Note the ischemic areas (CBF < 20 mL * 100 g -i * min-'1 on the right side in the two postinjury groups. In the 30-min postinjury group, severe ischemia was seen in the motor area of the parietal cortex, the region of direct impact, and areas removed from the site of impact including the motor area of the frontal cortex and in some rats the occipital cortex ( Table 2) . Islands of flow in the middle of the ischemic area occurred in two rats. Severe ischemia was only seen in the cortical regions 30 min after injury. CBF in deeper structures varied 30 min after injury. In some rats, rCBF in parts of the caudate-putamen (three rats), hippocampus (two rats), or thalamus (one rat) was increased compared to the contralateral side. In other rats, flow in these regions was not changed or reduced but flow was never below 20 mL * 100 g-' * min-' in the subcortical structures. In the 4-h postinjury group, the ischemic areas in three rats also included parts of the caudate-putamen, hippocampus, and thalamus in addition to the cortex. Figure 3 shows the volumes of ischemia, defined as CBF < 20 mL * 100 g-i * min-', in the two postinjury groups. Both individual and group data are given in the figure. The mean ischemic area was 82 ? 12 (n = 6) and 169 + 53 mm3 (n = 5) for the 30-min and 4-h postinjury groups, respectively. Although the ischemit area was twofold greater after 4 h, it was not statistically different from the area in the 30-min postinjury group (P = 0.11). The two rats in the 4-h postinjury group showing the greatest area of ischemia had portions of the caudate-putamen, hippocampus, and thalamus with rates of blood flow that met our definition of ischemia.
Regions of apparent hyperemia were often seen in areas surrounding the ischemic zone in the 30-min postinjury group. The magnitude, size, and exact location in relation to the ischemic zone varied among rats. Although hyperemia could be seen in individual animals in subcortical structures, it was most prevalent in the cortical regions directly below the ischemic zone (Figure 4) . In some rats the hyperemic regions in the cortex occurred rostra1 to and above the ischemic zone. The areas of hyperemia seen 30 min after injury were not present in the 4-h postinjury group. Table 3 summarizes the rCBF below the ischemic area in the frontal and parietal cortices in the two postinjury groups. There was more than a twofold increase in rCBF in this hyperemic region of the 30-min postinjury group compared to the corresponding area of the contralateral side.
Discussion
We tested the hypothesis that CC11 in the rat produces focal ischemia. For the purposes of the present study, we have defined ischemia as rates of blood flow less than 20 mL * 100 g-' * min-'. The results of this study support our hypothesis by showing that ischemia was present as early as 30 min after CC11 and persisted for at least 4 h. The ischemia was most prevalent in the cerebral cortex; however, 4 h after injury, deeper structures in some rats were also ischemic. Although brain temperature was not measured in the present study, we did measure it in a previous study using the identical model (25). Brain temperature, which averaged 34.8"C compared to 37.1"C for rectal temperature, was not significantly different in injured rats compared to shams and did not change over time.
CC11 most affected cortical regions ipsilateral to the impact. The cortical regions included not only the motor area of the parietal cortex, the region directly impacted, but also other cortical regions adjacent to and remote from the injury site (Table 2 ). These areas include the motor area of the frontal cortex, the occipital cortex, and the somatosensory area of the frontal and parietal cortices in the 4-h postinjury group. The Values represent the mean t SEM m units of mL . 100 g-' . min-'. The terms ipsilateral and contralateral are in relation to the injured hemisphere or in the case of the control group, the hemisphere where the craniectomy was performed.
* P < 0.05 compared to the corresponding reg~onns in the control group; t P < 0.05 compared to the contralateral side; $ P < 0.05 compared to the 30-min postinjury group. I rats in the group having areas that were ischemic.
0
With the exception of the occipital cortex, the effects of CC11 on rCBF seemed to be diminished as a function of / distance from the impact site. Continuous monitoring of cortical perfusion in the frontal cortex contralateral to the craniectomy showed no significant change in perfusion in the sham group or either of the injured groups (Figure 1) . Furthermore, we have previously measured cortical perfusion using the laser-Doppler technique for up to 8 h in sham rats without a significant change in perfusion (3% The fin&w that cortical perfusion is not altered or'4 hiostinjury ( Table 2) . ' ' -______ somatosensory area of the motor cortex in the 30-min postinjury group and the cingulate gyrus in both injured groups also showed significant reductions in rCBF, but the reductions were not as severe as other cortical regions described above. Subcortical structures (caudate-putamen, hippocampus, and thalamus) in the 30-min postinjury group had rates of rCBF that were significantly decreased, although flow was not less than 20 mL * 100 g-' * min? in any of the rats. Deeper structures in the 4-h postinjury group also had significantly reduced rates of flow with three of five The finding that flow was unchanged in all regions contralateral to the injury and decreased in only selected ipsilateral regions differs from previous studies using other models of traumatic brain injury in the rat. After fluid percussion and acceleration injury in the rat, CBF decreased globally after an initial transient increase (14-l&20).
The reduction in CBF was as much as 50% from the preinjury rate and persisted for 30-60 min before gradually returning to baseline. We believe that the absence of a global CBF reduction in our study was a function of the severity of injury induced. Cherian et al. (25) demonstrated that CCII produced changes in cortical perfusion contralateral to the injury that were dependent on the severity of injury. Using the same level of injury as in our study (5.2 m/s and 2 mm deformation), cortical perfusion briefly increased during the impact but quickly returned to baseline where it remained for at least 8 h. At more severe levels of injury, produced by increasing the deformation of the brain from 2 to 2.5 and 3 mm, cortical perfusion decreased to a similar extent as seen in other injury models in the rat (14) (15) (16) (17) (18) 201. Although Cherian et al. (25) only monitored perfusion at a single region, the results suggest that perfusion was reduced globally since the region monitored was contralateral to the injured hemisphere. While CC11 in our study was severe enough to produce focal ischemia, it was not severe enough to produce global reductions in rCBF.
Fluid percussion injury, at present the most widely used injury model in rodents, does not produce ischemia, although flow may be significantly reduced (14-18). Although both fluid percussion and CC11 produce injury by deforming the brain, we believe that the biomechanical loading of the brain is different and this difference accounts for the absence or presence of ischemia. With fluid percussion, the brain is briefly deformed by a pressure pulse applied to the dural surface (35). The pressure pulse is delivered via a fluid column through a port placed in the cranium. Dixon et al. (36) reported that the fluid injected into the cranial cavity during injury moves not only perpendicularly to the surface of the brain, but also laterally between the skull and dura. This lateral movement reduces the biomechanical loading at the site of the injection and, thus, spreads the load over a larger area. On the other hand, the biomechanical loading of the brain during CC11 is more localized, with all the energy directed to a defined area determined by the diameter of the cylinder. Thus, loading with CC11 is more localized, resulting in greater focal damage including cerebrovascular injury which results in ischemia. This explanation accounts only for the tissue directly impacted; it does not account for distant ischemic areas, such as the occipital cortex.
Reductions of CBF in regions outside the ischemic area could be secondary to the ischemia and not directly related to the injury itself. Destruction of cortical regions could effectively produce deafferentation in subcortical and cortical target regions resulting in a reduced energy requirement and metabolic rate. If flow and metabolism are tightly coupled after CCII, reduced flow in some of these regions would follow the reduced metabolic rate. The direct effects of the injury and the secondary effects will need to be determined in future studies. Cellular functions are critically dependent on the rate of CBF. In rats, when CBF decreases to less than 55 mL . 100 g-i * min-', protein synthesis is compromised (37); at less than approximately 30 mL * 100 g-' * mini, extra-and intracellular cellular pH decreases (38,391; at less than approximately 20 mL * 100 g-' * mini, brain electrical activity ceases, phosphocreatine decreases, and inorganic phosphates increase (38); at less than approximately 15 mL * 100 g-' . min-', adenosine triphosphate decreases and ion homeostasis is disrupted (37-39). In our study, cellular function in several brain regions with very low flow, primarily cortical regions, should have been affected to a large extent after CCII. Other areas such as the caudate-putamen (45 mL * 100 g-' * min-' (41 mL * 100 g-' * min-' at 4 h) and hippocampus at 4 h) should have had fewer disruptions of cellular processes. However, the rates of CBF for these critical thresholds, and thus tissue viability, are not solely dependent on the rate of blood flow but also on the duration of the reduced flow. The longer CBF is compromised, the greater the likelihood of permanent tissue damage (37, 40) . Most regions affected by CC11 showed reduced rates of flow for at least 3.5 h (between 30 min and 4 h). Other regions such as the somatosensory area of the parietal cortex, which showed a deterioration of CBF between 30 min and 4 h, were ischemic for an unknown, but shorter, period of time during the course of the study.
Although we do not know whether CBF would have later recovered in any of the regions where it was severely reduced, no signs of recovery occurred during our study. In fact, several of our findings suggest that the ischemic core may have been spread to bordering areas. First, several areas showed deteriorating rates of CBF between 30 min and 4 h ( Table 2) . Second, in the 30-min postinjury group, tissues with blood flows less than 20 mL * 100 g-' . min-' were confined solely to the cortical region; in the 4-h postinjury group three of five rats had ischemia in subcortical structures. Third, the area of ischemia was increased, although not statistically significant (P = 0.111, 4 h after injury (169 mm31 compared to 30 min after injury (82 mm3) (Figure 3 ).
Other studies from our laboratory (24) appear to be inconsistent with the outcomes suggested by the present blood flow studies. Goodman et al. (24) reported that the contusion volume, measured 14 days post-CC11 using an identical injury level, was only 5 mm3. In the present study, the volume of tissue with rates of blood flow less than 20 mL * 100 g-i * min-' was 82 mm3 at 30 min and 169 mm3 at 4 h. From the blood flow studies, we would have predicted contusion volumes much greater than those found by Goodman et al. (24) . One difference in the two studies was the duration of the anesthesia. In the study by Goodman et al. (241, the rats were removed immediately from anesthesia after injury, whereas in the present study the anesthesia was continued throughout the entire experiment (30 min and 4 h depending on the group). It is possible that the continued presence of the anesthetic interfered with CBF regulation. Alternatively, the presence of the anesthetic may have had no effect on the long-term outcome of the tissue. In this case, CBF would have been restored in much of the ischemic tissue.
Other aspects of our previous study (24) are consistent with the present study. Previously, we found that the depth and volume of cortical contusion and hippocampal neuronal loss produced by CC11 increased with the increasing severity of injury. The area of impact showed contusions with cavitation, macrophage infiltration, and marked gliosis in the surrounding parenchyma (24). This area of damage at the impact site corresponds to the primary zone of ischemia.
Our data show that areas of hyperemia were found at the rim of the ischemic area in the 30-min postinjury group but not in the 4-h postinjury group. In some of the rats in the 30-min postinjury group, hyperemia was apparent in the hippocampus, caudate-putamen, or thalamus. All rats in the 30-min postinjury group showed hyperemia in the cortex below the ischemic area (Figure 4, Table 3 ). Additionally, some rats showed hyperemia above (or medial) and rostra1 to the ischemic area. Hyperemia is commonly reported in tissue surrounding focal ischemia (27-32); however, there appears to be some differences in our study compared to other studies. Whereas we found the hyperemia predominantly in the cortex, other studies found the hyperemia predominantly in deeper structures (27-32). Cortical hyperperfusion was only reported in cortical regions after 18 h (31,32), a time after which the hyperemia had disappeared in our study. The differences in our results and the results of others may be due to the nature of the ischemia. Ischemia was produced by impacting the brain in our study and by occluding the middle cerebral artery in other studies.
Little is known about the mechanism and significance of the peri-ischemic hyperemia. Nedergaard et al. (27) reported that hyperemic regions surrounding the ischemic zone produced by middle cerebral artery occlusion in the rat were associated with increased metabolic rates in some hyperemic regions and decreased metabolic rates in others. According to one hypothesis, referred to as "luxury perfusion," the increase in blood flow is due to vasodilation produced by acid metabolites from the ischemic zone (41). Furthermore, the fate of the hyperemic areas is unknown. One study found that hyperperfusion was correlated with pathologic changes while another found no relationship (31,32). More studies will be needed to determine the mechanisms of the hyperemia and the fate of the hyperemic tissue after traumatic brain injury.
The nature and type of head trauma, in both humans and animals, are very complex. Care must be taken by the reader not to extrapolate our findings, that ischemia occurs during a specific type of injury (controlled cortical impact), to other animal models and to head injury in general. A likely scenario is that ischemia in humans and animals is specific to certain types of head injury when the injury is severe enough. For those types of injuries that resemble CC11 (focal contusion injury where the energy of the injury is localized), it is interesting to speculate that focal ischemia may occur. Bouma et al. (4) demonstrated that focal ischemia occurred in the first few hours after injury in two patients with focal contusions. Although the majority of the patients with focal contusions did not show regional ischemia, the authors did note that there was great enough variability that further subdividing these patients may have been warranted.
Furthermore, Adams and Graham (7) reported that histopathologic damage, consistent with ischemia, was associated with focal contusion due to impact. We speculate that the patients with focal contusion and showing regional ischemia are a subset of head-injured patients having injury resembling the CC11 in rats. Further studies are necessary to demonstrate the validity of this hypothesis. Knowledge of the type of traumatic brain injury that is directly associated with ischemia will be important in its prevention. However, hypoxia/ischemia secondary to hypotension, hypoxia or other systemic factors affecting the cerebral circulation is likely to be a problem involved with head trauma in general especially when multiple injuries occur. Separating the direct causes of ischemia from the secondary causes will also be a challenge facing the intensivist when treating head-injured patients. In summary, we report that CC11 produced ischemia on the injured side of the brain. The ischemia was predominantly confined to the cortex and was present not only in the cortex directly impacted but also cortical areas distant from the impact site. Four hours after injury, deeper structures sometimes became ischemit. Border zones surrounding the ischemic areas may be at risk after traumatic brain injury as they are after stroke (40). Accordingly, appropriate pharmacologic interventions may be important therapeutically in reducing the infarct volume after brain injury.
